Hallmarks of Leukocyte Function in Cardiovascular Disease
The leukocyte system's role in cardiovascular disease has several prevailing features. First, the system appears to be maladaptive. The danger signal during atherosclerosis or after MI is unlikely to be a microbe, yet leukocytes mobilize powerful antimicrobial and inflammatory molecules that cannot adequately handle either lipids or dying myocytes. Second, the system is heterarchical. Macrophage abundance in atherosclerosis does not imply hierarchy, and, indeed, other leukocytes such as dendritic cells may be acting in parallel. Third, the system is collaborative: Leukocytes communicate through processes that elicit activation, differentiation, degranulation, and transmigration. Fourth, the system is competitive in that selective ablation of various same-class leukocyte subsets often reveals opposing effects on atherosclerosis. Fifth, the system is pervasive. Leukocytes accumulate in vascular lesions or the myocardium, but they are produced in other tissue and circulate in the blood. Sixth, the system is integrated. Leukocytes do not operate in isolation but belong to a network that connects organ systems (Fig. 3) .
Concluding Remarks
Therapeutic approaches that target leukocytes to treat cardiovascular disease have not yet been realized, partly because the fundamental biology remains somewhat enigmatic (60) . Important lingering questions include the following: What key triggers lead to leukocyte participation and activation? What are the initializing danger signals, modes of information transfer, and essential disease amplifiers? What defines the nature of the system's response (attack versus resolution)? What are the connecting points between organ systems, including lymphatic, endocrine, and nervous? Can we identify therapeutic targets that are efficacious yet specific enough to avoid collateral damage? Is it possible to target specific autoantigens such as LDL while preserving host defense? Answering these questions may be integral to steering leukocyte function away from self-destruction and toward physiological stability in order to durably prevent and suppress the devastating consequences of cardiovascular disease.
A ll living organisms depend on the ability to protect themselves from exogenous pathogens (1) and to repair tissue damage that results from infection or trauma (Figs. 1, A and B, and 2A). Nonetheless, there are settings when the inflammatory response itself damages host tissue and causes organ dysfunction. In one setting, there is an overly exuberant acute or subacute inflammatory response (cytokine storm) that occurs in response to pathogens (sepsis) or debris from damaged host cells (2) . In another type of pathologic inflammation, a primary defect in the regulation of an inflammatory pathway triggers chronic disease. An example is 11 JANUARY 2013 VOL 339 SCIENCE www.sciencemag.org
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Inflammation on January 12, 2013 www.sciencemag.org cryopyrin-associated periodic syndromes (CAPS), which are inflammasome diseases caused by mutations in NACHT-leucine-rich repeat protein 3 (3) . A third class of chronic diseases is driven by pathologic inflammation but is not triggered by acute sepsis, acute tissue injury, or a primary defect in inflammation regulation. In these diseases, the inflammatory response does not eradicate the primary stimulus, as would normally occur in most cases of infection or injury, and thus a chronic form of inflammation ensues that ultimately contributes to tissue damage. In diseases such as seropositive rheumatoid arthritis (RA), the inflammatory response is triggered by an exuberant, pathologic autoimmune cascade (4) (Fig. 1C) . However, in other types of chronic inflammatory diseases, autoimmunity is not the key, primary pathogenic event (Fig. 2B) (5) . Diseases in this category are often associated with aging and include atherosclerosis (Fig. 1D) , obesity and insulin resistance, and certain neurodegenerative diseases such as Alzheimer's disease.
Improved understanding of the inflammatory response has led to important advances in the treatment of diseases with a primary defect in inflammation regulation, such as CAPS, and in autoimmune-induced inflammatory diseases, particularly seropositive RA and certain other rheumatoid diseases. Can these advances also be applied to other types of chronic diseases in which inflammation is an important driving force? In chronic autoimmune diseases, the mechanisms linking the autoimmune trigger to the maladaptive inflammatory response are often better understood than in chronic inflammatory diseases with a nonautoimmune etiology. Moreover, autoimmune diseases are usually associated with life-changing, and often painful, symptoms on a day-to-day basis, which tends to increase patient acceptance of adverse effects of treatment. Nonetheless, even with this class of diseases, treatment is not ideal. The beneficial responses are variable, particularly when anti-inflammatory therapy is started after the disease has become established; long-lasting remissions are not common; and adverse effects, particularly in the area of compromised host defense, can be substantial (6) . These problems are likely to be even more pronounced with complex and often indolent chronic disease processes in which the primary trigger is thought to be something other than autoimmunity.
The challenges in targeting inflammation in any chronic inflammatory disease lie in three properties that are characteristic of processes that are critical for evolutionary survival: redundancy, compensation, and necessity. Thus, inflammation is orchestrated by many molecules, and targeting one or a few may not be enough. Inflammation is also a finely tuned process that has inherent sensors and feedback pathways, and so inhibition of a critical component of inflammation may simply trigger a compensatory proinflammatory response involving another pathway. Finally, the inflammatory response is critical for host defense, and thus when the previous two challenges are successfully overcome, the risk:benefit profile is often unacceptable. With this background, we will first review the fundamental components of the inflammatory response, with emphasis on those components that contribute to redundancy and compensation and that are targets of currently available drugs or have promise for future therapeutic intervention. We will then highlight principles of anti-inflammatory therapy in chronic autoimmune inflammatory diseases, discuss challenges and ongoing attempts to target inflammation in other chronic inflammatory diseases, and raise prospects for future therapeutic directions.
Basic Principles of the Inflammatory Response and Inflammation Resolution
At the tissue level, acute inflammation is characterized by redness, heat, pain, and swelling, which result from local responses of immune, vascular, and parenchymal cells to infection or injury (Fig. 1,  A and B) . At a signaling level, infection or tissue damage is initially sensed by pattern recognition receptors (PRRs) that recognize pathogenassociated molecular patterns (PAMPs) and/or damage-associated molecular patterns (DAMPs) (Fig. 3) (Fig. 3) . Epigenetic regulation is also important. For example, gain of histone H3 and H4 acetylation and loss of H3K27 and H4K20 methylation occur to facilitate activation of inflammatory response genes (8) (9) (10) (11) . At a cellular level, acute inflammatory responses are characterized by marked temporal changes in quantities and characteristics of tissue immune cells. Under resting conditions, most tissues contain a population of resident macrophages that exhibit a deactivated or "resting" phenotype. There is substantial evidence that these cells play important roles in maintenance of normal tissue homeostasis. For example, lean adipose tissue contains deactivated macrophages, eosinophils, and regulatory T cells (T regs ), all of which appear to contribute to normal insulin signaling (12) (13) (14) . Upon infection with a bacterial pathogen, the initial phase of the acute inflammatory response is typically characterized by rapid neutrophil invasion ( Fig. 2A ). This early response subsequently gives way to a secondary phase characterized by recruitment of monocyte-derived macrophages, adaptive immune cells, and stromal cells. The combination of innate and adaptive immune responses serves to eradicate the infection but also results in collateral tissue damage, in part through the production of reactive oxygen species that are cytotoxic and secretion of proteases that degrade extracellular matrix.
At this stage, the inflammatory response transitions to an active resolution phase ( Fig. 2A ) (1, 15) . Cellular processes involved in inflammation resolution include clearance of pathogens, proinflammatory debris, and cytokines; apoptosis of neutrophils and their non-inflammation-inducing removal by phagocytes (efferocytosis); egress of inflammatory macrophages and recruitment or phenotypic switching of macrophages to a proresolving phenotype; recruitment of T regs ; activation of anti-inflammatory nuclear receptors; and overall repair and normalization of tissue architecture and function, including reestablishment of the vasculature. Many of these cellular processes are activated by and/or generate proresolving soluble factors produced by the inflammatory cells themselves or by cells recruited during the initial resolution phase. For example, prostaglandin E2 (PGE2), omega-3 fatty acids, and neutrophilderived microparticles in edema fluid can trigger resolution responses (16) (17) (18) . Factors that mediate resolution include interleukin-10 (IL-10), transforming growth factor-b (TGFb), proresolving proteins such as annexin A1, and small lipid mediators called lipoxins, resolvins, protectins, and maresins that are derived from arachidonic acid and omega-3 fatty acids through 5-or 15-lypoxygenase pathways (1, 15 (Fig. 3) . Combination therapy with a nonbiological plus a biological DMARD is commonly used and very effective, but, apropos of the "necessity" challenge, combinations of different classes of biologic DMARDs are not used due to high risk of infection. An example of how the development of a biologic DMARD met some of the challenges of anti-inflammatory therapy can be appreciated by briefly reviewing the history of antibody to TNFa (anti-TNFa) as therapy for antibody to citrinullated protein (ACPA)-positive RA (6) . The challenge of redundancy and compensation, with many inflammatory cytokines and other mediators present in the arthritic joints, was daunting and an early deterrent to drug development. Cleverly conducted ex vivo rheumatoid synovium experiments revealed, however, that many of the inflammatory mediators were in the same pathway and that TNFa was a proximal trigger. Thus, anti-TNFa blocked inflammatory cell production of many other cytokines in addition to TNFa and, importantly, chemokines. The decrease in chemokines then amplified the beneficial effect by reducing trafficking of the inflammatory cells to the joints. Subsequent studies in mouse models confirmed this hierarchy. In striking contrast, therapeutic targeting of another inflammatory mediator in ACPA-positive RA, the mitogenactivated protein kinase p38, was found to be too transient to be useful, suggesting that the challenges of redundancy and/or compensation were not overcome in the targeting of this particular pathway (20) . Moreover, anti-TNFa is not effective in certain other inflammatory conditions, such as septic shock, and even appears to be harmful in multiple sclerosis, perhaps because inhibiting this cytokine compromises the transition to resolution in these settings (21, 22) .
Even in the case of successful anti-TNFa therapy, the response is variable, so we can learn lessons from its limitations (6) . First, patient benefit of anti-TNFa is better in early disease than in late disease, where irreversible tissue damage has already occurred. This property of antiinflammatory therapy is inherent to all chronic inflammatory diseases. Therefore, methods to identify early disease, such as biomarkers and imaging techniques, and finding drugs that can be tolerated for very long periods of time are important in the overall design of anti-inflammatory strategies for chronic diseases. Second, despite the fact that anti-TNFa has been relatively successful in the face of redundancy and compensatory pathways, these challenges still exist. Finally, basic principles of necessity dictate that the more potent the anti-inflammatory therapy, the greater chance for adverse effects related to host defense. (Fig. 2B) . Moreover, the inflammatory response itself may amplify the production of disease-specific DAMPs, resulting in positive-feedback loops that accelerate the underlying disease process. For example, inflammation promotes formation of oxidized phospholipids that may serve as important DAMPs in atherosclerosis (23) and may enhance the formation of b-amyloid and tau aggregates in Alzheimer's disease (24) . As with autoimmune diseases, inhibition of inflammation could reduce the rate of disease progression to the point of substantial clinical benefit despite not altering the underlying pathogenic process. In contrast with primary inflammatory or autoimmune diseases, however, there is little evidence as yet for efficacy of this approach in humans. Each of the diseases in this category has unique therapeutic opportunities and challenges. For example, the evaluation of anti-inflammatory drugs for type 2 diabetes, as compared with atherosclerosis and, especially, Alzheimer's disease, is more feasible in terms of end-point analysis (fasting blood sugar, hemoglobin A1c, and plasma insulin levels) and may not be as demanding in terms of the necessity for early-stage treatment (25) . For a discussion of targeting inflammation in metabolic and neurodegenerative diseases, see the Reviews in this issue by Odegaard and Chawla (26) and Aguzzi et al. (27) , respectively. The focus here will be on atherosclerosis, which is an important and instructive example of the challenges in this area (28) .
Subendothelial retention of apolipoprotein B-containing lipoproteins triggers a maladaptive, nonresolving inflammatory response that drives atherogenesis [see the Review in this issue by Swirski and Nahrendorf (29) ]. Here, we emphasize a few points that are relevant to the discussion that follows. First, the statin class of drugs are used in almost all subjects at high risk for atherosclerotic disease. Thus, anti-inflammatory therapy would be used mostly in combination with statins and would have to show effectiveness greater than that with statins alone, which themselves may have some anti-inflammatory effects (30) . Second, although early use of anti-inflammatory therapy might be most effective in combating atherosclerosis before certain aspects of the pathology become irreversible, this would require a very long treatment period and may therefore have an unacceptable risk:benefit ratio. Conversely, although the risk:benefit ratio might be most acceptable for shorter-term treatment of advanced atherosclerosis, it is precisely in this situation that anti-inflammatory therapy would be least effective. In this setting, the value may lie in preventing the progression of earlier lesions that are known to coexist with advanced lesions. Third, it is important to consider the possibility of unique adverse effects of targeting inflammation in atherosclerosis. For example, recurrence of a myocardial infarction (MI, or heart attack) is particular prominent in the year following an initial MI. This heightened risk may be driven in part by a post-MI monocytosis, but inhibiting monocytosis through anti-inflammatory therapy may delay tissue repair of the infarcted myocardium itself (31) . Furthermore, inhibition of a master regulator of inflammation, NF-kB, or deletion in macrophages of tumor necrosis factor receptorassociated factor 6 (TRAF6), which is an adaptor of IL-1R and TLRs, actually increases atherosclerosis in mouse models by mechanisms that appear to involve compensatory signaling (32, 33) . On the other hand, a possible additional benefit of targeting systemic inflammation in atherosclerosis may be its effects on obesity and insulin resistance (34) , which itself may be lessened by anti-inflammatory therapy (26) .
With these considerations in mind, how might the inflammatory nature of atherosclerosis lead to new therapeutic advances? First and foremost, atherosclerosis has a property that is lacking in most chronic inflammatory diseases, namely, the potential for removing the inflammatory stimulus. As with gout, where lowering of uric acid levels can help prevent the formation of uric acid crystals in joints and thereby reduce inflammation, lowering of plasma low-density lipoprotein (LDL) can prevent subendothelial retention of lipoproteins and thereby decrease inflammatory atherosclerotic disease (35) . However, the goal of therapeutically decreasing plasma LDL to low enough levels and early enough in the disease to eliminate atherosclerosis has not yet been achieved, so other treatment options are being sought.
In this context, investigators are beginning to ask whether drugs used for chronic primary inflammatory diseases might be useful to prevent atherosclerotic disease, and they have recently turned their attention to DMARDs. The genetic and pharmacologic targeting of many individual inflammatory processes and molecules in mouse models of atherosclerosis leads to decreases in aortic atherosclerosis. However, it has been argued that although testing new antiatherosclerosis drugs in vitro and in preclinical models in vivo is a necessary first step, it is often a poor way to predict success in vascular disease in humans. Indeed, clinical trials may be the best way to investigate proof-of-concept usefulness (28) . In that spirit, two human DMARD coronary artery disease (CAD) trials are now being initiated. One will investigate the use of LD-MTX, which was shown in post hoc analyses of several RA and psoriatic arthritis trials to have potentially beneficial effects on cardiovascular disease (36) . The other trial will test a humanized monoclonal antibody against IL-1b (canakinumab), which is being used or evaluated for two types of inflammasome/IL1b-mediated diseases, CAPS and gout, respectively (37) . Part of the rationale for IL-1-targeted therapy is evidence for inflammasome activation in murine atherosclerosis, perhaps triggered by cholesterol crystals (38) , and the success of targeting IL-1b in these mouse models.
It is instructive to view these two proposed trials in the context of the successful development of anti-TNFa and LD-MTX for ACPApositive RA and the challenges of redundancy, compensation, and necessity. Atherosclerotic lesions, like the RA synovium, express many cytokines and chemokines that have been implicated in the pathogenesis of atherosclerosis. As noted above, TNFa has a distinct role in synovial inflammation in that it controls the production of many other cytokines and, more generally, leukocyte trafficking. Whether IL-1b has a similar upstream role in human atherosclerosis is unknown, and the successful use of canakinumab in CAPS and gout may be because these diseases are primary inflammasome/IL-1b diseases. If the role of IL-1b is not particularly dominant in atherosclerotic plaque progression in humans, the benefit above that seen with statins alone may be difficult to detect. Moreover, although neutralization of IL-1b diminishes atherosclerotic lesion size in mice, deletion of IL-1a/b receptors was found to actually worsen plaque stability in a mouse model of advanced atherosclerosis through effects on the extracellular matrix (39) . Finally, the potential benefit of long-term use of canakinumab in humans at high risk for atherosclerotic vascular disease must be substantial enough to counter the increased risk of infection, which was 67% in a recently conducted 2-year CAPS trial vs. 25% for placebo.
Despite the aforementioned favorable signal from post hoc analyses of previous clinical trials, there is more uncertainty with LD-MTX because the exact mechanisms of action are not completely understood. To the extent that the benefit of LD-MTX may rely, at least in part, on adenosinemediated anti-inflammatory signaling, mouse atherosclerosis studies would predict promise (40, 41) . Perhaps a greater challenge will be related to adverse effects. Although LD-MTX is considered to be a relatively safe and well-tolerated drug, it has several mild and usually self-limited Inflammation on January 12, 2013 www.sciencemag.org nuisance-type side effects, including nausea, stomatitis, and fatigue, and long-term use has rarely been associated with more important adverse effects, such as hepatotoxicity, pulmonary disease, and infection (42) . If LD-MTX is effective in atherosclerosis but requires long-term use, these side effects might become more important. Moreover, the risk of liver injury and infection is increased in subjects with type 2 diabetes (42, 43), which represents a sizable percentage of the high-risk CAD population that would be considered for this drug. In the end, it will be important to consider these principles both for the monitoring and evaluation of the canakinumab and LD-MTX trials and in the design of and decision to move forward with new trials in this arena.
Future Directions
Ongoing efforts to widen the benefit-to-risk window of anti-inflammatory therapy in chronic diseases will require efforts on a number of complementary fronts. To the extent that there is the potential to remove the inflammatory stimulus in these diseases, as there is in atherosclerosis (atherogenic lipoproteins) and obesity (nutrient excess), ongoing efforts in this area are crucial. For example, in atherosclerosis, there may be innovative therapeutic approaches to prevent the retention of atherogenic lipoproteins in addition to lowering plasma LDL (44) . In general, however, these goals have been difficult to attain even where they are theoretically possible, and it is not yet feasible in other chronic diseases, such as neurodegenerative disease.
With regard to DMARDs, a number of future developments may increase their promise in a wider array of chronic inflammatory diseases. Data from human genetic studies that link specific inflammatory genes to CAD may be helpful in identifying useful drug targets (45) . In addition, detailed, disease-specific mechanistic studies will help identify targets that are upstream in signaling cascades, which will help guard against redundancy, and whose inhibition is less likely to trigger compensatory responses, compromise host defense, and suppress the transition to resolution. Some of these goals may be achievable through the use of new formulations that target DARMDs to the site of inflammation, thus minimizing systemic adverse effects.
Translating these advances into therapy will benefit from simultaneous progress in developing new classes of drugs that target inflammation. Recent examples include an inhibitor of inflammatory Janus kinase (JAK) signaling (tofacitinib), which has recently been shown to be effective in RA and ulcerative colitis (46) ; a potent and site-selective adenosine A(2A) receptor activator that requires ectonuclease-mediated activation at the site of inflammation (47) ; and drugs that target inflammatory fibroblasts, which have shown promise in preclinical models of RA and may be useful in other inflammatory diseases depending on the roles of these cells (48) . There is also substantial evidence supporting the feasibility of using antisense oligonucleotides (ASOs) to target specific RNAs in humans (49) . The primary attraction of ASO technology is that, in principle, it enables knockdown of any RNA-encoded target, ranging from proteins that are very difficult to target with drugs to noncoding RNAs. In addition, the sequence precision of the ASO targeting mechanism enables highly related members of druggable families to be specifically targeted in a manner that could be difficult to achieve with small molecules. For example, an ASO specific for MKK7 reduced phosphorylation of c-Jun N-terminal kinase (JNK) in synoviocytes and reduced inflammation and disease severity in a mouse model of arthritis (50) . Another strategy would be to use recent advances in histone modifications. Examples include inhibitors of the bromodomain and extraterminal domain family of proteins (I-BET), which block the binding of transcription initiation mediators called BET proteins to acetylated histones and thereby inhibit transcription. The inhibitors exert remarkably selective effects on gene expression in vitro and in vivo, acting to suppress a subset of inflammatory response genes in activated macrophages and conferring protection against endotoxin-induced shock (51) . Another example of epigenetic-based therapy is a druglike compound that suppresses lipopolysaccharide-induced cytokine production in macrophages by inhibiting a specific subfamily of histone demethylases (52) .
An alternative strategy to inhibiting inflammation would be to commandeer nature's own anti-inflammatory mechanisms to induce a "dominant" program of resolution. Examples include activators of liver-x receptors (LXRs), which regulate inflammation and lipid metabolism and have shown benefit in mouse models of atherosclerosis and Alzheimer's disease (53) (54) (55) (56) , and activators of peroxisome proliferator-activated receptor (PPAR)g, which may be able to reprogram white adipose tissue macrophages and promote T reg development to improve insulin resistance in obese adipose tissue (12) . Recent studies suggest new strategies to enhance therapeutic actions of these receptors and reduce side effects (57, 58) . Future therapies may be able to take advantage of two key suppressors of inflammation, IL-10 and T regs (59) . Using atherosclerosis as an example, IL-10 and T regs have marked antiatherosclerotic effects in mouse models (60, 61) . Long-duration systemic IL-10 therapy would likely have substantial adverse effects, but nanoparticle-targeted delivery of IL-10 to atherosclerosis lesions may be both feasible and effective (62) . Antiatherogenic T regs might be inducible through the use of athero-specific dendritic cell vaccine strategies (63) , perhaps in combination with agents that activate endogenous cell biological processes involved in the stability and function of T regs and/or in the feedback suppression of inflammatory T effector cells (64, 65) .
Another line of attack may be therapeutic administration of lipid mediators of inflammation resolution, particularly in view of evidence that chronic inflammatory diseases may lower the levels or actions of these molecules (66) . In this regard, resolvin E1 (RvE1) has shown benefit in preclinical models or clinical trials of a number of chronic inflammatory diseases, including asthma, rheumatoid arthritis, atherosclerosis, and obesityrelated adipose inflammation (www.resolvyx.com) (67) , and neuroprotectin D1 protected human neurons from beta-amyloid-induced inflammation and cell death in vitro (68) . A key principle in the therapeutic use of inflammation resolution mediators is that they are predicted not to compromise host defense. In fact, recent work in mice has shown that RvD2 actually promotes host defense during sepsis (69) .
Finally, it is important to consider how one could noninvasively monitor the anti-inflammatory or proresolving actions of drugs that target the inflammatory component of chronic diseases. This is particularly important in diseases like atherosclerosis where the actual clinical end points themselves are delayed, sporadic, and often devastating. To the extent that the drugs affect systemic inflammation, measurement of plasma cytokines and acute-phase reactants, including TNFa, IL-6, C-reactive protein, and fibrinogen, can be monitored. Monitoring inflammation at the site of disease would be particularly useful, and thus there may be a niche in this arena for techniques such as 18F-fluorodeoxyglucose positron emission tomography and fluorine-19 magnetic resonance imaging (47, 70) . However, all these methods lack specificity and may also lack sensitivity when it comes to specific therapeutic areas, such as those involved in enhancing inflammation resolution. Thus, efforts to target the inflammatory and nonresolving components of chronic diseases, particularly those with delayed signs or symptoms, must be accompanied by the development of noninvasive methods to monitor the effectiveness of these new strategies.
In conclusion, the past two decades have provided a wealth of information on how maladaptive, nonresolving inflammation drives a number of widespread chronic diseases in which infection, primary defects in inflammation regulation, or autoimmunity are not the primary pathophysiologic process. Although this knowledge has the potential to open up vast opportunities for new therapeutic advances, the nature of the inflammatory response as a complex system that is critical for normal physiology renders this promise challenging. In particular, the challenges of redundancy, compensation, and necessity often create a very narrow risk:benefit window. Nonetheless, new knowledge about inflammatory signaling, particularly in the areas of endogenous homeostatic pathways and inflammation resolution, provide the promise for new therapeutic options that can successfully meet these challenges.
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H umans have evolutionarily confronted three primary killers: starvation, infection, and predation. Through modern agriculture, hygiene, and our relatively recent elevation to top predator status, we have made remarkable progress in mitigating these, only to find new, evolutionarily novel threats taking their placeprincipally, cardiovascular disease, diabetes, and cancer. Unmasked by our successes against more ancient challenges, these modern diseases represent a rapidly increasing share of human morbidity and mortality in both relative and absolute terms and threaten the gains in life expectancy already achieved. In recent years, obesity has emerged as the driving force behind these disturbing trends.
From 1980 to 2008 alone, the number of overweight individuals worldwide doubled to more than half a billion people, eclipsing the number of underweight individuals for the first time in history and driving the obesity-attributable death rate to~3 million per year (1). More poignantly, even a spare handful of extra pounds in midlife is associated with a 20 to 40% increase in all-cause mortality, obesity with an~100% increase, and morbid obesity with an~300% increase (2). Despite such chilling numbers, the true effect of obesity is still likely to be understated. Notwithstanding its catastrophic consequences, obesity's importance went long unappreciated because it acts less by overt effect than by promoting/exacerbating cardiovascular disease, diabetes, and cancer, among other diseases. Indeed, the mechanistic links between obesity and better-established pathologies have been hotly investigated over the past two decades. This Review primarily explores the cellular and molecular connections between chronic low-grade inflammation, insulin resistance, and obesity-induced metabolic disease. We begin by summarizing our current mechanistic understanding of obesityinduced insulin resistance and then discuss the importance of the histologic and evolutionary context within which it arises. Specifically, we present the argument that key mediators of obesity-induced metabolic disease, such as insulin resistance and inflammation, are evolution-
